In this paper, we show some recent experimental applications of Brillouin optical time-domain analysis (BOTDA) based sensors for geotechnical monitoring. In particular, how these sensors can be applied to detecting early movements of soil slopes by the direct embedding of suitable fiber cables in the ground is presented. Furthermore, the same technology can be used to realize innovative inclinometers, as well as smart foundation anchors.
Introduction
Distributed fiber-optic strain sensors have great potentialities in the field of geotechnical monitoring (Dewynter et al., 2009; Olivares et al., 2009; Iten, 2011; Minardo et al., 2014) . By integrating a single fiber-optic cable into soil or a geotechnical work, a large number of accurate, spatially resolved data can be obtained. The Brillouin optical time-domain analysis (BOTDA) method allows for strain measurements in the microstrain range, with a typical spatial resolution of 1 m and a maximum sensing range of 50 km. This means that thousands of "strain gauges" along a single cable connected to structures, embedded in soil or grouted into boreholes, for example, can provide information about the current state of the object under supervision. The objects can include geological and civil structures, such as a construction site, a tunnel, a landslide prone area, or a pipeline. It is evident that such a technology implies a benefit for placing fiber-optic cables anywhere possible on construction sites and in the green field (Minardo et al., 2012) . This paper summarizes some results of experiments carried out by research staff at Second University of Naples. In particular, after a brief description of the sensor technology, three applications of the BOTDA technology in the geotechnical field will be described: (a) slope monitoring by optical fibers embedded into the soil; (b) detection of soil movement by use of an optical fiber based inclinometer; (c) monitoring of a ground anchor by use of an embedded optical fiber.
Principle of operation of BOTDA
The experimental results reported in this paper have been conducted exploiting stimulated Brillouin scattering (Boyd, 2008) in single-mode optical fibers. In brief, two counter-propagating lightwaves exchange energy along the fiber, in a measure depending on their frequency offset. If the offset falls within a specific range, the radiation at higher frequency (pump wave) transfers energy to that at lower frequency (Stokes wave). The sensing principle is based on the fact that the frequency difference at which the maximum amplification of the Stokes wave occurs, known as Brillouin frequency shift (BFS), varies depending on the mechanical and thermal states of the fiber. In particular, the BFS increases with both temperature and strain. Spatial resolution, i.e. the ability to measure deformation and temperature changes in a distributed way, can be achieved through the use of a pulsed pump beam: in this way, the interaction takes place along successive sections of the fiber as the pump pulse propagates down the sensing cable. By recording the intensity of the Stokes radiation as a function of time, the Brillouin gain can be traced in each section. The measurement of the Brillouin gain as a function of time and frequency allows the entire profile of Brillouin shift along the fiber to be obtained, which in turn can be translated in terms of deformation or temperature through the use of appropriate calibration coefficients. Fig. 1 shows the basic configuration employed for BOTDA. The pulsed and continuous wave (CW) beams are generated by two separated sources having lasing frequencies n 0 and n 0 AEn B , shifted by a definite quantity in the range of the Brillouin frequency shift of the sensing fiber. Fig. 1 shows that the amplification of the Stokes beam occurs at those locations where the frequency offset with the crossing pulse matches the local Brillouin frequency shift, which in turn is related to the temperature (or strain) of the analyzed fiber coil. More in general, Brillouin time-domain signals are acquired in BOTDA systems for a range of frequency offsets, so as to get a full picture of the Brillouin frequency shift at each location.
Experiments on small-scale model slopes
The main requirements of monitoring systems in areas susceptible to sudden and rapid landslides should be the following: (a) a cheap and reliable instrumentation; (b) continuous monitoring in time and space; (c) low probability of error to avoid false or missed alarms.
For their ability to measure strain with spatial continuity, optical fibers are particularly attractive. For this reason, we decided to check their performance in the monitoring of slopes in loose unsaturated granular soils susceptible to catastrophic rainfall-induced flowslides. The basic idea is that a sensing fiber buried in the soil can detect the deformation due to ongoing volumetric and/or shear strains induced by the decrease in suction, which can be interpreted as a warning of incoming failure. The capability of the fiber to provide distributed strain readings should allow to detect ongoing deformation at any point of even very long slope sections. This is a fundamental advantage with respect to conventional monitoring devices (topographic readings, inclinometers, etc.) which can provide information only at specific points. The low cost of fibers is another relevant advantage.
This simple idea suggested an experimental program to test this new kind of sensors in small-scale model slopes subjected to artificial rainfall. The slopes are made of volcanic ash laid down into a flume imposing the same porosity as in the field. The water infiltration induced by artificial rain causes an increase in the water content and a decrease in suction and, consequently, volumetric and shear strains; this mechanical process can lead to slope failure. The basic equipment for monitoring includes tensiometers, pore pressure transducers, laser displacement transducers, electrical moisture probes (TDRs) and video-cameras (see Fig. 2 ). For the present application the flume was tilted with an inclination of 40 , and equipped with tensiometers, displacement sensors and optical fibers. The latter was a tight-buffer standard single-mode fiber for telecommunications having an overall diameter of 900 mm. The optical fiber sensor was buried into the ground along two alignments parallel to each other (Fig. 2) . The model slopes, as a proof of principle, have been made up with volcanic ashes taken from the site of Cervinara, Italy, where field monitoring is being carried out (Pirone et al., 2012) . The slope has a length of 1.35 m, thickness of 10 cm, initial water content ranging between 43% and 50%, and porosity close to the field value (70%e76%).
In the experiment, a system of anchoring constituted by small plastic grids glued every 20 cm at the fiber was adopted, as shown in Fig. 3a . Fig. 3b shows the position of the tensiometers and of the laser displacement sensors. The readings of the optical fiber sensor are reported in Fig. 4 . The increase in Brillouin frequency shift from the initial profile (t ¼ 0), which reveals a state of stress due to accumulated strains during a first test stage not reported here, to the latest one (t ¼ 47 min), is about 200 MHz. This corresponds to a deformation of about 0.4%. The collapse of the slope occurs after 50 min. Readings recorded after failure (t > t f ) show that the Brillouin frequency shift returns to its initial value.
For the sake of comparison, the readings of the tensiometers and displacement sensors are reported in Figs. 5a and b, respectively. As it can be seen from Fig. 5 , the soil is completely saturated at surface before any settlement begins, while the saturation of the deep layer is complete only when a vertical displacement of the soil of a few millimeters is recorded. On the other hand, the optical fiber sensors, being deployed in order to detect the soil sliding, start measuring a significant tensile strain when the early signs of the slope sliding occur.
Optical fiber inclinometer
An inclinometer based on BOTDA has been devised and realized. Its main characteristics can be summarized as follows: (a) measurement of three-dimensional (3D) deformation of soil; (b) continuous monitoring from a remote site and multiplexing capability; (c) self-compensation against temperature variations; (d) displacement sensitivity as high as 1 mm over 1 m; (e) safe operation up to overall displacements as large as 15 cm over 1 m, the limit being posed just by the breaking of the sensing optical fiber.
It should be emphasized that the above characteristics are not fulfilled by traditional inclinometers which usually require periodic inspections for interrogation, and become useless if the displacement reaches values as large as to prevent the sliding of the measuring head along the inclinometer tube itself (a few centimeters of movement across a narrow slip plane).
The optical fiber inclinometer is realized by epoxy-gluing four equally spaced fibers along the surface of a PVC pipe for its entire length, as shown in Fig. 6 .
The pipe is 50 mm in diameter, and 3.2 mm in thickness, while its overall length is 750 cm, achieved by connecting three pipe sections of 250 cm. The measurement of the strain profiles along the fibers allows the reconstruction of the 3D deformation of the pipe and, consequently, the movements of the soil where the pipe is embedded (Lenke et al., 2011) .
In order to assess the validity of the proposed approach, several laboratory tests were performed on the inclinometer tube before on-site installation. Fig. 7a shows the selection of the results achieved during the laboratory tests. In detail, we show the vertical displacement along a 180 cm-long pipe, with identical crosssection of the pipe used on-site, subjected to prescribed displacement at one end and fixed on the other end. The displacements retrieved by the optical fiber sensor using a Brillouin shift sensitivity to strain of 417 MHz/% and a spatial resolution of 20 cm, are compared to the ones provided by eight dial gauges distributed along the pipe. It is seen that the agreement is remarkably good. In particular, the maximum deviation between the dial gauge and optical fiber displacement was about 4 mm, while the standard deviation of the measurement error was about 1 mm. Note that the observed discrepancy is coherent with an error analysis of the displacement. In fact, assuming a strain uncertainty s ε ¼ 100 mε, we can calculate the standard deviation of the displacement simply by where L and D represent the pipe length and diameter, respectively;
Dz is the spatial resolution. This equation shows that the variance of displacement grows with the pipe length, thus the proposed method may suffer from inaccuracies for relatively long pipes. In regard to on-site measurement results, the selected test site was an area, located in Basilicata Region, Italy, subjected to slow soil movements and already instrumented with traditional inclinometer tubes. The test site is depicted in Fig. 8 , where the positions of the traditional inclinometers and the fiber optic one are shown, as well.
The optical fiber inclinometer was installed in a 750 cm deep borehole which was then filled with grout. After allowing the grout cure for one month, a first measurement was performed as a reference in order to eliminate all the strain induced by the installation procedure.
The subsequent measurements allow the detection of any soil movements. Fig. 9 shows the obtained results. Despite its limited length, the fiber optical inclinometer exhibits a sufficient accuracy in detecting the maximum pipe displacement at the ground surface.
A "smart" foundation anchor
For this experiment, a smart foundation anchor was devised and realized. The main objective of this activity was to improve the understanding of the anchor's load bearing behavior, as the performance of the anchor is limited by the efficiency of load transfer from the anchor tendon to the soil via the grout (Iten, 2011) .
In brief, the anchor was equipped with an optical fiber epoxyglued inside the steel tendon. The optical fiber was disposed in a loop configuration so as to have both ends available for BOTDA distributed strain measurements. A special optical fiber cable with 3.2 mm outer diameter, produced by Brugg Kabel AG, was selected for the tests (V1 cable).
After realization, the anchor was field-installed in Campania Region, Italy. Distributed strain measurements were taken at each loading step. The results are summarized in Figs. 10 and 11. Note that the symmetrical appearance of the various strain profiles is due to the fact that the same fiber was running twice along the cable. We observe a number of significant features: (a) the strain decreases linearly from the ground level, vanishing at the deepest end of the cable: this means that the whole cable length is involved in transferring the pullout force into the soil; (b) at larger displacement steps, the strain profile propagates behind the fixation point due to slippage of the glass fiber inside the protection; (c) comparing Figs. 10 and 11, it is seen that there is a significant residual strain along the fiber at the end of the pullout test: for example, during the unloading phase a load of 100 kN produces a maximum strain of about 1000 mε, equivalent to the strain observed during the loading phase for a load of 350 kN.
Conclusions
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